INTRODUCTION
Chronic lymphocytic leukemia (CLL) is the most prevalent type of adult leukemia for which there is no curative treatment outside of stem-cell transplantation. The lack of a curative therapy for CLL and lack of benefit to early treatment have led investigators to initiate therapy only in symptomatic disease. For many years, treatment consisted of alkylator-based therapies. Subsequent randomized, phase III trials have demonstrated both improved response and progression-free survival (PFS) with single-agent fludarabine [1] [2] [3] [4] [5] in younger patients with CLL, whereas those older than 65 years do not appear to benefit from this. 4 In addition, a recent, long-term follow-up of Cancer and Leukemia Group B study CALGB 9011 demonstrated extended overall survival (OS) in previously untreated patients with symptomatic CLL receiving fludarabine compared with chlorambucil. 5 After the introduction of single-agent fludarabine, multiple studies that used fludarabine and cyclophosphamide in combination have shown improved response and PFS compared with treatment with fludarabine alone. [6] [7] [8] Longterm follow-up for survival or complications from these fludarabine and cyclophosphamide combination regimens has not been reported. In particular, the risk of therapy-related myeloid neoplasm (t-MN) has not been examined.
JOURNAL OF CLINICAL ONCOLOGY
Concurrent with the investigation of combination chemotherapy, rituximab, a chimeric monoclonal antibody targeting CD20, was introduced in the treatment of CLL. Initial studies with rituximab used a lymphoma-derived weekly administration schedule that showed modest activity in relapsed CLL. [9] [10] [11] Later studies with rituximab have shown more activity when used with a more frequent administration schedule, 12 at higher doses, 13 or in combination with other active agents. Notably, combinations of rituximab with fludarabine (FR) 14, 15 or with fludarabine plus cyclophosphamide (FCR) 16, 17 have shown high response rates and extended PFS. A randomized, phase III trial demonstrated that FCR chemotherapy prolongs survival compared with fludarabine plus cyclophosphamide alone. Data from this study showed an overall response rate (ORR) of 95% with a complete response (CR) rate of 44%. With a follow-up of 37.7 months, median PFS was 51.8 months, and survival rate at this time point was 84.1%. 18 Despite this survival advantage, it is notable that long-term follow-up of another FCR study (median follow-up, 6 years) showed that eight of 300 patients developed t-MN. 19 In this report, we will describe the long-term follow-up of patients treated with FR on CALGB study 9712. The purpose of this analysis is to examine long-term PFS and OS with FR chemoimmunotherapy, examine characteristics associated with extended remission and PFS, and assess the frequency of developing t-MN.
METHODS

Patients and Assessment of Prognostic Factors
Patients were enrolled on CALGB 9712 and the corresponding tissue bank study CALGB 9665 after written informed consent was provided. The eligibility criteria for CALGB 9712 are described elsewhere 14 and included untreated, symptomatic CLL as defined by the National Cancer Institute (NCI) 1996 guidelines (CONSORT, Fig 1) . 20 This study randomly assigned 104 patients to receive FR either sequentially (n ϭ 53) or concurrently (n ϭ 51). Patients were enrolled between May 1998 and January 2000; the initial data were reported in 2003.
14 CR and partial response (PR) were defined by NCI 1996 criteria. ORR included CR ϩ PR. Genomic risk factors, including interphase cytogenetics and immunoglobulin heavy chain variable region (IgV H ) mutational analysis, were also analyzed as previously described. 21 Long-term follow-up data for this report were obtained from the CALGB database and from patient flow sheets from individual institutions. The data used for this analysis were current as of October 2009.
Statistical Considerations
OS was defined as the time from enrollment to the date of death, censoring those alive at last follow-up. PFS was defined as the time from enrollment to the date of disease progression or death, censoring patients alive and progression free at last follow-up. Two patients who withdrew from study to receive an alternative regimen before experiencing progression were censored at that time. Estimates of PFS and OS were obtained by the Kaplan-Meier method, and the log-rank test was used to compare differences between survival curves according to molecular marker status. To additionally test the association of molecular markers with outcome, proportional hazards models were used to evaluate the impact of IgV H mutational status and the presence or absence of poor risk cytogenetic markers del(17p13.1)/del(11q22.3) on outcome, adjusting for age, sex, Rai stage (high/intermediate), WBC count, lactate dehydrogenase (LDH) and splenomegaly (yes/no). Hazard ratios and 95% CIs were estimated from the models. Statistical significance was declared at P Ͻ .05. All analyses were performed by the CALGB Statistical Center.
RESULTS
Patients and Long-Term Outcome
All 104 untreated symptomatic patients enrolled on CALGB 9712 were included in this analysis. Pertinent demographic data and response data have been reported previously.
14 Briefly, 77% of the patients were men, the median age was 63 years (range, 36 to 86 years), and40%hadhigh-riskRaistagedisease.ThetotalORRwas84%(95%CI, 77% to 91%). The ORR in the sequential arm (n ϭ 53) was 77% (95% CI, 66% to 89%), and the CR rate was 28%. The ORR in the concurrent arm (n ϭ 51) was 90% (95% CI, 82% to 98%), and the CR rate was 47%.
After a median follow-up of 117 months (range, 66 to 131 months), the median PFS and OS times for the treatment groups were similar, with an overall estimated median PFS of 42 months (95% CI, 31 to 46 months) and median OS of 85 months (95% CI, 71 to 95 months; Table 1 ; Fig 2) . Disease progression occurred in 73 of the patients, and 15 died without documented progression. Only two patients were censored before 5 years, and both had withdrawn from study before progression or death. At 5 years, the estimated PFS rate was 28% (95% CI, 19% to 37%). Deaths occurred in 67 patients, including the two who enrolled on another study before an event on this trial. One patient died after 106 months on study, after disease progression occurred at 75 months. With respect to OS, none of the patients were censored before 5 years; 71% were still alive (95% CI, 61% to 79%) at that time.
After disease progression, the survival from progression until death was analyzed to determine the utility of salvage therapies in these patients. The median time from progression until death was 45 months (95% CI, 39 to 67 months). Approximately 40% of patients (95% CI, 29% to 52%) were still alive 60 months after experiencing progression (Fig 3) . 
IgV H Mutational Status and Interphase Cytogenetics
IgV H mutational analysis was performed on 83 pretreatment patient samples; 43% demonstrated mutated IgV H , and 57% were unmutated. Those patients with unmutated IgV H had a significantly poorer PFS compared with those who had mutated IgV H (median, 33 v 52 months; P ϭ .01; Table 1 ; Fig 4A) . Patients with unmutated IgV H also had a significantly worse OS compared with those who had mutated IgV H (median,78monthsvnotreached;Pϭ.01;Fig4B).Inmultivariable models for PFS and OS, IgV H mutational status remained statistically significant (P ϭ .02 and P ϭ .004, respectively; Table 2 ).
Fluorescence in situ hybridization was performed on 88 pretreatment patient samples. Poor risk cytogenetic abnormalities del(17p13.1) or del(11q22.3) were detected in 18 patients (20%). Three had del(17p13.1). These 3 patients had disease progression after 15, 18, and 89 months; two died at 28 and 49 months, and the third patient is still alive at 124 months. Compared with the 70 patients without poor risk cytogenetic abnormalities, those 18 with these abnormalities had significantly worse PFS (median, 25 v 45 months, P ϭ .046) and OS (median, 63 v 105 months, P ϭ .02) ( Table 1 ; Figs 4C and 4D, respectively). Poor risk cytogenetic abnormalities were moderately associated with worse PFS, when controlling for other variables (P ϭ .06) and remained a significant predictor for poor OS (P ϭ .01) in a multivariable model (Table 2) .
Characteristics of Patients in Long-Term remission
The extended follow-up of this study allowed assessment of pretreatment features associated with prolonged remission and survival. Although 14 patients enrolled on this study remain progression free and had a median follow-up of 114 months, we also found that 18 patients had a progression-free interval of longer than 84 months. At the other extreme, 34 patients experienced progression within 24 months of study enrollment. We analyzed pretreatment factors of these two groups in an attempt to elucidate factors predictive of extended remission duration. The characteristics of patients with greater than 84 months and less than 24 month of PFS are listed in Table 3 . Notably, these groups did not differ on the basis of age, WBC count, Rai stage, time from diagnosis to treatment, or cytogenetic group. Patients with long-term remission were more likely to be IgV H mutated, and patients with short remission were more likely to be IgV H unmutated. Response to therapy was also predictive of longterm remission. Importantly, though, of the 18 patients with longterm remission, only 50% achieved a CR by NCI 1996 criteria. One patient with long-term remission did not have a post-therapy bone marrow evaluation, so the patient was classified as a PR for this purpose. This patient had normalization of WBC and underwent splenectomy during therapy with no evidence of CLL within the spleen. Baseline and response characteristics were evaluated additionally for those eight patients who had long-term remission after achieving PR with FR chemoimmunotherapy. When using Dohner prioritization, 
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www.jco.org one patient had del(17p13.1), four had trisomy 12, 2 had del(13q14.3), and one had normal cytogenetics. All but one of these patients had mutated IgV H . Six patients had palpable adenopathy before therapy, and none had adenopathy after treatment. Four patients had pretreatment splenomegaly. After therapy, one patient had no bone marrow involvement but had prolonged thrombocytopenia and would be classified as CR with incomplete marrow recovery by International Workshop on Chronic Lymphocytic Leukemia 2008 criteria. 22 One patient had no morphologic evidence of CLL but did have minimal residual disease (MRD) by flow cytometry. Two patients had nodular PR: one of these had one to three lymphoid aggregates by morphology and negative flow cytometry evaluation; the other patient had one lymphoid aggregate and 25% lymphocytes in the marrow. Two patients had 10% to 15% marrow involvement, one had 30% to 40% marrow involvement, and one had 51% involvement after therapy.
Therapy-Related Myeloid Neoplasm and Richter's Transformation
Prior small studies have suggested that there is a higher than baseline incidence of both myelodysplastic syndrome (MDS) and acute myeloid leukemia as well as Richter's transformation after receipt of fludarabine and/or fludarabine and cyclophosphamide-based therapy for CLL. [23] [24] [25] As part of this long-term follow-up study, we examined the frequency of such events. No patient developed t-MN during remission or experienced early relapse after FR. One patient did develop therapy-related MDS; however, this occurred 45 months after FR treatment and 9 months after salvage therapy with FCR. Until the MDS was diagnosed, no bone marrow biopsies showed any evidence of myelodysplasia. No patient has developed acute myeloid leukemia. Four patients underwent Richter's transformation, three to large B-cell lymphomas and one to Hodgkin's lymphoma. Of the patients who experienced transformation, one had no response to FR and experienced transformation less than 3 months after study entry. One patient achieved a PR with FR and experienced transformation as the first evidence of disease progression 6 years after study entry. One patient achieved a PR with FR but experienced relapse 10 months after study entry. He was treated with four cycles of cyclophosphamide, doxorubicin, vincristine, and prednisone before transformation at 7 months after progression. These three died within 1 year of transformation. The last patient achieved a PR with FR and experienced relapse 50 months after study entry. He experienced transformation to large B-cell lymphoma 10 months after relapse and died 30 months after transformation.
DISCUSSION
Here we have described the long-term follow-up of patients enrolled on CALGB 9712, one of the first chemoimmunotherapy protocols initiated in which fludarabine was combined with rituximab, administered either sequentially or concurrently, in previously untreated, patients with symptomatic CLL. An earlier report by our group 26 showed improved overall response, CR, PFS, and OS compared with those previously reported with fludarabine alone. This report extends follow-up an additional 5 years for these patients and demonstrates continued durable remissions in a subset of these patients, with an estimated 13% of patients remaining free of disease progression at almost 10 years of follow-up. We have also found that the median time from progression until death was 45 months, which shows the efficacy of salvage therapies in these patients. As this study was not designed to capture information related to salvage therapies, additional studies will be needed to determine the efficacy of specific salvage regimens. As identified previously, 21 patients with CLL treated with FR who have IgV H -mutated disease or who lack del(11q22.3) or del(17p13.1) abnormalities have better outcomes. In separate multivariable analyses, unmutated IgV H was significantly associated with inferior PFS and OS compared with mutated IgV H , whereas the presence of poor-risk cytogenetic abnormalities del(17p13.1) and del(11q22.3) tended to be associated with poor PFS and significantly associated with poor OS compared with those not harboring these cytogenetic abnormalities. In the models for OS, age was the only other variable significant with P Ͻ .05, and, in the models for PFS, no other variable was significant. Because poor-risk cytogenetics tend to be associated with unmutated IgV H , a prospective study with larger numbers of patients would be required to determine the relative contributions of these two variables.
The application of more aggressive therapy in all types of cancer, including CLL, can have implications for long-term survivorship including development of secondary leukemia. In a long-term follow-up study of first-line FCR therapy, with a median follow-up of 6 years, there were eight occurrences of MDS (2.8%) that occurred during first remission. 19 Studies examining fludarabine and chlorambucil therapies or consolidative autologous stem-cell transplantation in CLL have also reported on the risk of t-MN. 23, 27, 28 t-MN is a devastating complication of therapy, is not easily treated, and most often leads to death. One possible advantage to initial chemoimmunotherapy without the use of alkylating agents may be the lower risk of this complication. Consideration of t-MN is particularly relevant to low-risk genomic groups that may achieve significant benefit from less aggressive regimens. Notably, no patient receiving FR chemoimmunotherapy on this trial developed t-MN during their progressionfree interval. We examined the pretreatment characteristics of patients who experienced extended remission duration after treatment with FR and compared these patients with those who had short remission duration. The only discriminating pretreatment feature was IgV H mutational status; those patients with extended remissions were more likely to have IgV H -mutated disease, and those with short remission duration were likely to have IgV H -unmutated disease. Notably, 50% of these patients did not attain a CR as defined by the NCI 1996 criteria 20 and, yet, still experienced extended remission duration. Previous studies have examined the impact of MRD on PFS and OS. In a retrospective study of patients with relapsed disease who were receiving alemtuzumab, eradication of MRD was associated with improved OS at a median follow-up of 36 months. 29 Another study of 137 patients who had been treated with a variety of regimens showed that, with a median follow-up of 3.1 years, patients without MRD by flow cytometry had improved OS and that this distinction was clearer for patients undergoing first treatment. 30 Similarly, at 6 years follow-up after FCR therapy, patients without MRD had prolonged time to progression and OS. 19 These data are slightly incongruent with what we have observed in this study, in which 39% of patients with longterm remissions had residual disease on post-therapy bone marrow evaluation. Much of the published MRD data comes from patients who have experienced relapsed disease, and follow-up on these studies is often significantly shorter than this report. Patients experiencing relapse within a short time of initial treatment and also included in relapsed studies are often enriched with IgV H -unmutated disease. Our findings in this study with extended follow-up suggest that a subset of patients with IgV H -mutated disease do not require disease eradication for long-term disease control, and the identification of these patients pretreatment would be clinically important. Additional study is ongoing into molecular characterization and more detailed analysis of these patients.
How do the long-term follow-up data from this study factor into our current treatment approach of symptomatic, previously untreated patients with CLL today? A randomized, phase III study comparing FCR with FC demonstrated improved CR, ORR, PFS, and OS with combination chemoimmunotherapy. 18 Benefit in that study was observed for most genetic groups except for patients with del(17p13.1) or normal karyotypes. Other studies examining either FCR-or FCbased therapy have demonstrated that patients with del(11q22.3) gain benefit from the fractioned cyclophosphamide, changing this genomic factor to a neutral predictive prognostic factor. 31 In contrast, in this study, for which no alkylating agent was included, patients with del(11q22.3) did not do as well as those without this cytogenetic marker. This is similar to other fludarabine-based studies that did not include an alkylating agent and substantiates the claim that patients with del(11q22.3) should be treated with FCR as a first-line regimen. Given the greater acute toxicity and the long-term risks of t-MN after FCR-based therapy, a reasonable approach might be to consider FR for low-risk genomic patients, whereas patients with CLL and with del(11q22.3) should receive FCR therapy. High ORR and CR rates as well as extended PFS have been seen with both FCR and FR, and it is as yet unclear which regimen is superior for individual patients in intermediate risk groups. Differences in follow-up make direct comparison of published studies difficult. However, a randomized, US intergroup study (CALGB 10404) is examining this important scientific question.
In summary, the long-term data from CALGB 9712 demonstrate that chemoimmunotherapy with FR is associated with extended PFS and OS in a subset of patients and is not associated with t-MN. These data support FR chemoimmunotherapy as one appropriate first-line therapy for patients with low-risk CLL.
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